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Lipopolysaccharide (LPS), the major constituent of the outer membrane of Gram-negative bacteria, is the very first site of interactions with the
antimicrobial peptides. In this work, we have determined a solution conformation of melittin, a well-known membrane active amphiphilic peptide
from honey bee venom, by transferred nuclear Overhauser effect (Tr-NOE) spectroscopy in its bound state with lipopolysaccharide. The LPS bound
conformation of melittin is characterized by a helical structure restricted only to the C-terminus region (residues A15-R24) of themolecule. Saturation
transfer difference (STD)NMR studies reveal that several C-terminal residues of melittin including Trp19 are in close proximity with LPS. Isothermal
titration calorimetry (ITC) data demonstrates that melittin binding to LPS or lipid A is an endothermic process. The interaction between melittin and
lipid A is further characterized by an equilibrium association constant (Ka) of 2.85×10
6 M−1 and a stoichiometry of 0.80, melittin/lipid A. The
estimated free energy of binding (ΔG0), −8.8 kcal mol−1, obtained from ITC experiments correlates well with a partial helical structure of melittin in
complex with LPS. Moreover, a synthetic peptide fragment, residues L13-Q26 or mel-C, derived from the C-terminus of melittin has been found to
contain comparable outer membrane permeabilizing activity against Escherichia coli cells. Intrinsic tryptophan fluorescence experiments of melittin
and mel-C demonstrate very similar emission maxima and quenching in presence of LPS micelles. The Red Edge Excitation Shift (REES) studies of
tryptophan residue indicate that both peptides are located in very similar environment in complex with LPS. Collectively, these results suggest that a
helical conformation of melittin, at its C-terminus, could be an important element in recognition of LPS in the outer membrane.
© 2007 Elsevier B.V. All rights reserved.Keywords: LPS; Melittin; NMR; Transferred nuclear Overhauser effect; Saturation transfer difference; STD; REES1. Introduction
In addition to an inner or cytoplasmic membrane, Gram-
negative bacteria are surrounded by a thick outer membrane or
cell wall. The outer leaflet of the outer membrane is pre-
dominantly composed of a specialized lipid called lipopolysac-
charide (LPS) [1]. LPS is consisted of three distinct domains: the
proximal, hydrophobic lipid A region; the distal, highly variable
polysaccharide moiety or O-antigen and the core oligosaccha-
ride region that covalently bridges the two [1]. The lipid A is
highly conserved among Gram-negative bacteria and consists of
bis-phosphorylated di-glucosamine backbone containing six to⁎ Corresponding author. Fax: +65 6791 3856.
E-mail address: surajit@ntu.edu.sg (S. Bhattacharjya).
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doi:10.1016/j.bbamem.2007.07.017seven fatty acyl chains per molecule [2]. LPS has been
recognized as a permeability barrier in Gram-negative bacteria
against variety of antimicrobial agents including hydrophobic
antibiotics, detergents and host defense proteins [1,3,4]. Indeed,
mutations in LPS biosynthesis machinery had rendered gene-
ration of antibiotic susceptible strains (deep rough phenotype),
or antibiotic resistant strains (rough and smooth phenotype)
[5,6]. Apart from a permeability barrier, LPS provides an
environment for the correct folding of outer membrane proteins
[7]. LPS is also known as endotoxin due to its toxic,
inflammatory properties causing fatal septic shock in human
[8,9].
The emergence of resistant strains of bacteria against
commonly used antibiotics is causing a serious health problem
[10,11]. In this scenario, gene-coded cationic antimicrobial
peptides (AMP) have been proposed to be the new generation of
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Gram-negative and Gram-positive bacteria [12–14]. The
primary target for many of these AMPs turns out to be the
inner cytoplasmic membrane of bacteria [15–17]. In order to
understand structure/function correlations, high-resolution
structures of AMPs have been determined, using NMR spectro-
scopy, either in homogeneous lipid micelles or in membrane
mimicking organic solvents [18–21]. In principle, AMPs should
be interacting with the outer membrane components or LPS
before gaining access to the cytoplasmic membrane or to the
other intra-cellular bacterial targets. Structural elucidations of
antimicrobial peptides in complex with LPS are therefore
relevant for better understanding of the mechanism of action of
these peptides [3,22–25]. Melittin, although highly toxic and
hemolytic, has been extensively used as a model system to
understand peptide/lipid interactions due to its strong amphi-
pathic surface activity [26–28]. Melittin also exhibits significant
antibacterial activity against both Gram-negative and Gram-
positive bacteria, therefore serves as a suitable candidate to
investigate interactions with LPS. In this study, we have
characterized interactions of melittin with LPS by use of
NMR, ITC and fluorescence spectroscopy. Taken together, our
results suggest that the C-terminal half of melittin is pre-
dominantly involved in the interactions with LPS. A structural
transition toward helical conformation is experienced only by
the residues, i.e. A15-R24, located at the C-terminal region of
melittin as a complex with LPS.
2. Materials and methods
2.1. Peptide synthesis, melittin and lipids
A peptide fragment corresponding to residues L13-Q26 of melittin was
synthesized by standard Fmoc solid-phase peptide synthesis method and
purified by reverse-phase HPLC. The molecular weight of the peptide was
confirmed by mass spectrometry. Melittin, LPS of Escherichia coli 0111:B4,
diphosphoryl lipid A from E. coli F583 and triethylamine were purchased
from Sigma Chemical Corp (St. Louis, MO) and used without any further
purification.
2.2. Isothermal titration calorimetry
LPS and lipid Awere dissolved in 10 mM sodium phosphate buffer either at
pH 3.0 or 6.9, containing equimolar quantities of triethylamine with respect to
their anionic groups. LPS and lipid A samples were vortexed and sonicated for
5 min prior to use. Molecular mass of the lipid A is considered 2000 dalton [29].
Since the polysaccharide moiety of LPS is considerably heterogeneous [30],
concentrations of LPS are given in mass/unit volume. Melittin was dissolved in
10 mM sodium phosphate buffer either at pH 3.0 or 6.9.
Isothermal calorimetric titrations were performed using VP-ITC Micro
Calorimeter (Micro Cal Inc, Northampton, MA). All the samples were degassed
for 10 min with gentle stirring under vacuum. Lipid A at a concentration of
0.05 mM (or 10 μg/mL of LPS) was loaded into the sample cell (volume
1.4359 mL) and the reference cell was filled with above-mentioned buffer.
Mellitin, 1 mM (20-fold higher than Lipid A), loaded into the injectant
facilitated a typical titration involving 18 injections of 2.5 μl aliquots of melittin
into the sample cell, at an interval of 4 min. The reaction cell was stirred
continuously at 300 rev per min. Raw data were collected, corrected for the heat
of dilution of melittin in buffer and integrated using Micro Cal Origin 5.0
supplied with the instrument. A single site binding model was fitted to the data
by non-linear least square analysis to yield the binding stoichiometry (n),
association constant (Ka) and enthalpy change (ΔH) [31]. ΔG° and ΔS werecalculated using the fundamental equations of thermodynamics; ΔG°=−RT ln
Ka and ΔS=(ΔH−ΔG°) /T, respectively.
2.3. NMR studies of free and LPS bound melittin
All of the NMR experiments were carried out on a Bruker DRX 600
spectrometer, equipped with a cryo-probe and pulse field gradients, with melittin
concentrations varied from 0.5 to 1.0 mM, dissolved in deionized water, pH of
3.0 and at a temperature of 290 K. Under this condition, melittin/LPS complex
was stable for sufficiently longer time required for acquisition of NMR data. It
may be noted that previous structure determinations of melittin in phospholipid
micelles and vesicles were undertaken at low pH, where melittin is in
monomeric state [32–34]. Interaction between melittin and LPS was examined
by means of one-dimensional proton NMR spectra whereby 10–20 μl aliquot of
LPS, from a stock solution of 10 mg/mL; pH 3.0, was added into NMR tube
containing 500 μl of 0.5 mMmelittin. Sequence-specific resonance assignments
of free melittin were achieved by two-dimensional 1H–1H TOCSYand NOESY
spectra acquired at 70 and 300 ms mixing times, respectively. Further, a peptide/
LPS mixture containing 1 mM melittin and 1 mg/mL of LPS had been used to
collect two-dimensional 1H–1H Tr-NOE spectra, at three different mixing times:
200, 150 and 100 ms. DSS was used as for referencing of chemical shits. NMR
data processing and analyses were performed by Topspin (Bruker) and Sparky
(T.D. Goddard and D.G. Kneller, University of California, San Francisco),
respectively.
2.4. Interactions of melittin with LPS by saturation transfer difference
(STD) NMR
Melittin was dissolved in 500 μl of D2O and pH was adjusted to 3.0. LPS
was prepared by lyophilization from 99.9% D2O. STD NMR experiments were
performed on a Bruker Avance DRX 600 spectrometer equipped with cryoprobe
at 290K using the standard STD pulse sequence [35] and WATERGATE 3–9–
19 sequence for water suppression. STD NMR spectra were acquired at a
peptide/LPS mixture containing 0.5 mMmelittin and 1 mg/mL of LPS. Selective
irradiation of LPS was achieved by a train of Gaussian-shaped pulses with a 1%
truncation and each of 49 ms in duration and separated by a 1-ms delay. A total
of 40 selected pulses were applied, leading to a total time of saturation to 2 s. The
so-called on resonance for LPS was fixed at −2.5 ppm, and off resonance was at
40 ppm, where neither LPS nor the peptide resonances were present. Subtraction
of the two spectra (on resonance-off resonance) by phase cycling leads to the
difference spectrum that contains signals arising from the saturation transfer. The
reference spectrum was recorded with 512 scans, while the difference spectrum
was obtained with 1024 scans. Data processing was performed using TOPSPIN
program suite. For STD NMR experiments, following control experiments were
carried out. The one-dimensional proton NMR spectrum of LPS micelle showed
very broad lines. Corresponding STD NMR spectrum of LPS micelle (on
resonance=−2.5 ppm and off resonance=40 ppm) alone proves very successful
saturation transfer across the entire micelle. On the other hand, sample
containing only melittin did not show any STD effect, since the resulting
difference spectrum did not contain any signal for the peptide.
2.5. Determination of three-dimensional structure of melittin bound to
LPS
Structure calculations were carried out using DYANA program version 1.5
[36]. Tr-NOE driven distance restraints were obtained from a Tr-NOESY
spectrum recorded at 150 ms mixing time. Calculation of NOE build up rate as a
function of mixing time indicated that spin diffusion did not contribute to the
observed NOE intensities at 150 ms of mixing time. NOE intensities were
qualitatively categorized to strong, medium and weak and translated to upper
bound distance limits to 2.5 Å, 3.5 Å and 5.0 Å, respectively. No stereo-specific
assignments were made. Structure calculations were performed at a stepwise
manner, whereby fifty structures were initially calculated solely based on Tr-
NOE driven distance constraints. Superposition of these structures yielded a
folded helical conformation for the C-terminus residues, A15-R24, with a
relatively high RMSD value. Therefore, further structural refinement was done
by incorporating backbone dihedral angle constraints, ϕ=−60°±20°, ψ=
Fig. 1. Thermodynamics of binding between melittin and lipid A. (panel A) ITC
trace obtained at 20 °C by titrating melittin (1 mM) into a solution of lipid A
(0.05 mM) in 10 mM sodium phosphate buffer, pH 3.0. A total of eighteen 2.5-μl
injections of melittin were made, at an interval of 4 min, into lipid A and the heat
exchangewasmeasured. (B) Plot of heats of reaction as a function of the melittin/
lipid A molar ratio. The data were fitted by the non-linear least-squares
minimization method subsequent to the correction for the heats of dilution for
melittin.
Table 1
Thermodynamic parameters of melittin/lipid A interactions a
Mellitin/Lipid A n Ka(M
−1) ΔH
(kcal/mol)
ΔG0
(kcal/mol)
ΔS
(kcal/mol/deg)
pH 3.0 0.75 2.85×106 15.5 −8.7 0.082
pH 6.5 0.8 3.73×106 9.6±1 −8.8 0.062
a Buffer: 10 mM sodium phosphate, pH 6.9, 20 °C.
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between −30° and −180° for the N-terminus residues, G1-L13, to maintain
good stereochemistry of the calculated structures. No hydrogen bond constraints
were used at any stage of structure calculations. Several rounds of structure
calculations were carried out, depending of NOE violations, distance constraints
were adjusted. Of the hundred structures that were generated twenty five lowest
energy structures were kept for analyses.
2.6. NPN uptake and intrinsic tryptophan fluorescence studies
The outer membrane disruption in E. coli cells was studied using the 1-N-
phenylnaphthlylamine (NPN) uptake assay [37]. Mid-log phase bacterial cells
obtained from an overnight grown culture were centrifuged at 3000×g and re-
suspended into 10 mM Tris, 150 mM NaCl, pH 7.4 to an OD600 of 1.2. A stock
solution of NPN was added to a final concentration of 10 μM into 500 μL of the
above cell suspension and a basal fluorescence was recorded. The degree of
membrane disruption was monitored as a function of melittin and mel-C
concentrations, by observing the increase in fluorescence intensity of NPN at
410 nm while the fluorescence probe was excited at 350 nm. All of the
fluorescence experiments were performed using Cary Eclipse fluorescence
spectrophotometer (Varian, Inc. USA). 10 μM of melittin or 10 μM of mel-C
was incubated with increasing concentrations of LPS (0 to 20 μg/mL) in 10 mM
sodium phosphate at pH 6.9. The intrinsic tryptophan fluorescence emission
spectra of the free and bound melittin and mel-C were acquired by exciting
samples at 280 nm using bandwidth of 5 nm. Measurements were made between
300 and 400 nm ranges, using a 0.1-cm path length quartz cuvette. Further, forobserving the Red Edge Excitation Shift (REES), excitation wavelengths were
varied in the range from 280 to 315 nm for all of the above samples.
Fluorescence quenching experiments were performed by stepwise addition of
acrylamide from a stock solution of 5 M into solution containing 10 μM of
melittin and 10 μM mel-C as well as their bound form with saturating
concentration of 20 μg/mL LPS. Quenching of fluorescence intensities was
measured at corresponding emission maxima of the respective free or LPS-
bound peptides. The results of the quenching reactions were analyzed by fitting
to the Stern–Volmer equation, F0 /F=1+KSV[Q], where, F0 and F are the
fluorescence intensities at appropriate emission wavelength in the absence and
presence of acrylamide, KSV is the Stern–Volmer quenching constant and [Q] is
the molar quencher concentration.
3. Results
3.1. ITC studies of interactions between melittin and lipid
A/LPS
Binding of melittin with LPS and lipid A was studied by
isothermal titration calorimetry at two different pHs, 3.0 and 6.9,
in 10 mM sodium-phosphate buffer solution. Fig. 1 shows a
representative thermogram (Fig. 1A) and corresponding titration
curve (Fig. 1B) obtained by titration of lipid A (0.05 mM) with
2.5 μl aliquots of melittin (1 mM). The integrated heats in Fig.
1B indicate the net heats of each injection after subtracting the
heat of dilution of melittin in pure buffer. An upward trend of the
ITC titration peaks (Fig. 1A) and the resultant positive integrated
heats (Fig. 1B) demonstrate that association between melittin
and lipid A is an endothermic reaction. Using a single site
binding model, the enthalpy (ΔH) of association between
melittin and lipid A has been determined to be 15.5 kcal mol−1
with an equilibrium association constant (Ka) of 2.85×10
6 M−1
and a stoichiometry of 0.8 melittin/lipid A obtained at pH 3.0.
Table 1 summarizes the thermodynamic parameters of interac-
tions between melittin and lipid A obtained at two different pH
values. At the both pH values, the energetically favorable
interaction between melittin and lipid A is primarily driven by
the positive changes in entropy; demonstrating hydrophobic
interactions playing a dominant role in the formation of the
complex (Table 1). Very similar ITC traces, showing upward
direction of the titration peaks, were also obtained for melittin
binding to LPS; however, detailed thermodynamic analyses
were not carried out as a result of heterogeneity in molecular
weight of LPS (see Materials and methods).
3.2. Transferred nuclear Overhauser effect (Tr-NOE) studies of
melittin bound to LPS
Tr-NOE [38,39] is an ideally suited method to determine
conformations of peptides bound to LPS [40–42]. The large
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concentration (b0.1 μM) [43] permits observation of Tr-NOE
cross-peaks from the bound peptide ligands with dissociation
constants (Kd) in the micromolar range. A Kd of 0.3 μM for
melittin binding to lipid A can be estimated from the association
constant (Ka=1/Kd) obtained in the ITC studies (Table 1),
indicating feasibility of Tr-NOE experiments. The additions of
aliquots (20 μl) of LPS to an aqueous solution of melittin had
caused moderate line-broadening of almost all the proton
resonances indicating a fast or intermediate exchange betweenFig. 2. Transferred nuclear Overhauser studies of the interaction between melittin an
correlating low-field resonances along ω2 dimension and high-field resonances along ω
indole NεH proton is compared with that of free YW12 (A, left). (B) Two-dimensional
protons (right) and sequential and medium range NOE connectivities involving α-proto
time of 150 ms.free and LPS bound melittin at NMR time scale (data not
shown). The effect of interaction of melittin with LPS was more
pronounced in Tr-NOE experiments. Fig. 2 shows two-dimen-
sional NOESY spectra of melittin correlating low-field, amide
and aromatic, resonances with high-field, aliphatic, resonances
after addition of 1 mg/mL LPS. NOESY spectrum of free
melittin is characterized by few NOE cross-peaks of low
intensity (data not shown). Sequence-specific resonance assign-
ments by use of TOCSYandNOESY spectra [44] of free melittin
indicated most of the cross-peaks were of intra-residue ord LPS. Two-dimensional 1H–1H Tr-NOESY spectra of melittin showing NOEs
1 dimension in LPS bound state (A, right). Tr-NOEs (A, middle) involving W19
1H–1H Tr-NOESY spectrum of melittin showing sequential NOEs between amide
ns and amide protons (panel B, left). Tr-NOESY spectra were acquired at a mixing
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observations are in accord with previous conformational studies
that had suggested predominantly unstructured or random
conformations of melittin in aqueous solution at acidic pH
[32]. There is a dramatic improvement, in terms of number and
intensity of NOE cross-peaks, in the NOESY spectra of melittin
in presence of LPS (Fig. 2A and B). Observation of ample
number of NOE cross-peaks involving backbone and sidechain
proton resonances indicates conformational stabilization of
melittin in complex with LPS. The primary amino acid sequence
of melittin contains a single Trp residue at position 19, which
serves as an important marker for detecting sidechain–sidechain
interactions. The indole proton of W19 is the most down-field
shifted to ∼10.25 ppm that shows number of NOE cross-peaks
to the sidechain proton resonances of non-polar residues in LPS
bound state (Fig. 2A, middle panel). Similar inter sidechain
NOEs are absent in the NOESY spectrum of melittin in absence
of LPS (Fig. 2A, left panel). These NOEs clearly demonstrate
persistence sidechain–sidechain packing interactions in melittin
while bound to LPS.
Fig. 3B summarizes backbone/backbone and sidechain/
sidechain Tr-NOEs of melittin obtained in presence of LPS.
Sequential NH/NH NOEs, diagnostic of helical conformations,
can be identified for many residues, i.e. A15-R24, situated at the
C-terminus of melittin (Figs. 2B and 3). The acquisition of
helical fold by the C-terminal half of melittin is further
confirmed by the several medium range CαH/NH (i to i+2, i+
3 and i+4) NOEs (Figs. 2B and 3). Apart from these backbone
NOEs, inter-sidechain NOEs could be identified between indole
NH and other aromatic protons of W19 to the sidechain proton
resonances of residues L16, I17 and I20, respectively. By
contrast, the N-terminal half, i.e. residues G1-L13, of melittin is
predominantly characterized by strong sequential CαH/NH and
intra-residue NOEs and few NH/NH NOEs (Figs. 2B and 3). No
medium range NOEs involving either backbone resonances or
sidechain resonances could be detected. Therefore, the
N-terminus region of melittin appears to be in extended
conformations in LPS bound state.Fig. 3. NOE summary. Bar diagram showing sequential and medium range backbon
spectra in presence of LPS. The thickness of the bar indicates relative intensities of3.3. Interactions between melittin and LPS by STD NMR
STD NMR experiment is a well-established method to
identify residues or chemical groups of ligands that are in close
proximity with the high molecular weight receptors, where
ligands undergo a fast exchange between free and bound states
[35]. In this experiment, one of the receptor signals, non-over-
lapping with the ligand signal, is selectively irradiated typically
for a few seconds to achieve efficient saturation of the entire
receptor by spin diffusion. Intermolecular saturation transfer,
from receptor to ligand, results a change in resonance intensities
of free ligand. Residues those are in close proximity with re-
ceptor will experience a greater change in signal intensities.
Fig. 4 shows the reference one-dimensional proton NMR
spectrum of melittin in presence of LPS (Fig. 4A) and the
corresponding STD proton NMR spectrum (Fig. 4B); obtained
after selective saturation of LPS (see Materials and methods).
Clearly, the STD NMR spectrum of melittin shows many proton
resonances with different intensities indicating a differential
proximity between amino acid residues of melittin from LPS
aggregates. The different signal intensities of the individual
protons are further analyzed by integral values in the reference
and STD spectra, respectively (Table 2). The largest STD effect
is observed for the H2 and H6 protons of residueW19 (Table 2).
A high STD effect has also been observed for the other ring
protons of W19. This suggests a close proximity between the
sidechain of residue W19 and LPS micelles. Relatively high
STD effects could be unambiguously determined for the CγH3
of I17 and the methyl group of A15 from the C-terminus of
melittin. On the other hand, STD effects appear to be relatively
low for residues located toward the N-terminal half of melittin
which is particularly apparent for the methyl group of residues
T10 and T11, respectively (Table 2). In addition, all the alkyl
sidechain groups of residues I2, V5, V8, L9, L13, L16, I17 and
I20, closely resonating ∼0.98 ppm, accounted for a combined
STD effect only ∼61% (Fig. 4 and Table 2). The sidechains of
residues L16, I17 and I20 from the C-terminus of melittin
presumably contributing more to this observed STD effect sincee/backbone and sidechain/sidechain NOEs of melittin observed in the Tr-NOE
the NOE cross peaks. Amino acid sequence of melittin is shown at the top.
Fig. 4. STD NMR studies of the interaction between melittin and LPS. The reference 1H NMR spectrum (A) and the STD NMR spectrum (B) of melittin (0.5 mM) in
the presence of LPS (1 mg/mL) in D2O, pH 3.0; showing non-exchangeable proton resonances. Spectral regions indicated by, I, II and III, represent resonance overlap
among the sidechain resonances of residues I2, V5, V8, L9, L13 and L16, the sidechain chain resonances (γH, δH and εH) of amino acids K21, R22, K23, and R24,
and the backbone CαH proton resonances, respectively. NMR signals arising from non-interacting impurities, marked by asterisks, are effectively subtracted and
therefore are not visible in the STD spectrum.
Table 2
The relative STD effects of melittin bound to LPS-micelle a
Resonance STD (%)
T10-γ 41
T11-γ 53
G12-α 39
A15-β 80
I17-α 77
-β 76
-γ 88
S18-α 39
W19-β 83
-H2 100
-H4 66
-H5 82
-H6 100
-H7 98
I20-α 39
Q25-γ 29
I 61
II 41
III 64
The percentages of other protons denote the normalization of saturation transfer
with respect to H2 proton of W19. The symbol, I, II and III, shows the
cumulative STD effect of different residues as stated in the Fig. 4.
a The largest STD effect was observed for the H2 proton of W19 and thus its
value was set to 100%.
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the C-terminus residues including A15, CγH3 of I17 and W19.
A moderate STD effect has also been observed for the sidechain
resonances of the positively charged residues, K21, R22, K23
and R24, located at the C-terminus of melittin (Table 2). A low
STD effect was observed for the sidechain of the penultimate
residue Q25 (Table 2). Taken together, our STD results suggest
that the residues located at the C-terminus half, in particular
A15-R24, of melittin are in closer proximity to the LPS
micelles. By contrast, most of the residues from the N-terminus
and two terminal residues from the C-terminus appear to be not
involved in interactions with LPS.
3.4. Three-dimensional structure of melittin bound to LPS
A LPS bound conformation of melittin is determined by use
of Tr-NOE driven distance constraints and dihedral angle
constraints (see Materials and methods). Fig. 5A shows super-
position of backbone atoms (N, Cα, C') of the twenty-five lowest
energy structures of melittin in LPS bound form (Table 3).
Structure calculations reveal that melittin assumes a well-
defined helical structure only at its C-terminus encompassing
residues A15-R24, while bound to LPS (Fig. 5B). Analyses of
calculated structures show backbone dihedral angles for all the
residues in A15-R24 segment lie in the helical region (ϕ:
−57°±10°, ψ: −40°±15°) with characteristic i to i+4 type
hydrogen bonding between the carbonyl oxygen atoms and
amide protons. The last two amino acid residues at the C-terminus, Q25–Q26, remain flexible (Fig. 5A). The C-terminal
helical conformation of melittin is further characterized by
hydrophobic packing interactions between the aromatic
Fig. 5. LPS-bound structure of melittin. (A) Superposition of backbone atoms (N, Cα, C′) of twenty-five lowest energy conformers of melittin. Superposition is done
only of the folded C-terminus residues. (B) Ribbon representation of the average NMR structure of LPS bound melittin. (C) Superposed conformers showing
hydrophobic packing interactions involving aromatic residue, W19 and non-polar residues; in the LPS bound form of melittin.
Table 3
Summary of structural statistics for the 25 final structures of LPS bound melittin
Distance restraints
Intraresidue (i− j=0) 0
Sequential (|i− j| =1) 65
Medium-range (2b |i− j|V4) 30
Long-range (|i− j|z5) 0
Total 95
Angular restraints
ϕ 25
ψ 10
Distance restraints violations
Number of violations 10
Average violation V0.12 Å
Maximum violation V0.48 Å
Deviation from mean structure (only for the well-folded region i.e.
residues A15-R24)
Backbone (Cα, C′, and N) 0.9 Å
Heavy atoms 2.3 Å
Ramachandran plot for the mean structure
% residues in the most favorable and additionally allowed region 90
% residues in the generously allowed region 10
% residues in the disallowed region 0
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residues L16, I17 and I20 (Fig. 5C). The sidechain of W19 has
also been found to be in close proximity with the sidechains of
residues R22 and K23 revealing a cation-π type interactions. On
the other hand, the entire N-terminal half (residues G1-L13) of
melittin appear to be in an extended or flexible conformation
even in complex with LPS (Fig. 5A).
3.5. Interaction between a C-terminal peptide fragment of
melittin with the outer membrane and LPS micelles
Observation of a preferential interaction and structure
formation for the C-terminus segment of melittin, in Tr-NOE
and STD studies, in complex with LPS prompted us to further
investigate binding of a C-terminal peptide fragment (residues
L13-Q26) of melittin or mel-C with the outer membrane of E.
coli cells and LPS micelles. Fig. 6A demonstrates outer mem-
brane permeabilization of E. coli cells by melittin and mel-C by
enhancement of NPN fluorescence. NPN has a weak fluores-
cence in aqueous medium that increases in the hydrophobic
milieu of cell membrane. NPN is usually excluded by bacterial
cell walls. However, disruption of the outer membrane by
antimicrobial agents may facilitate uptake of NPN to cell
membranes resulting in an enhancement of fluorescence
intensity. As expected, there is a dramatic increase in
fluorescence intensity of NPN with increasing concentrations
of melittin and mel-C peptide (Fig. 6A), suggesting like
melittin, mel-C can independently permeabilize the outer
membrane. Although, a somewhat larger enhancement of
NPN fluorescence is observed with melittin indicating a higher
degree of permeabilization activity of the native peptide (Fig.
6A). Nevertheless, NPN uptake assays clearly demonstrate that
the C-terminal region of melittin retains a significant binding
activity against the outer membrane presumably by its
interactions with the LPS layer.Figs. 6B, C andD summarize steady state intrinsic tryptophan
fluorescence studies of melittin and mel-C peptide either in
presence or in absence of LPS. Fig. 6B shows change in
fluorescence emission maxima (λmax) of melittin and mel-C as a
function of concentrations of LPS. In the absence of LPS,
tryptophan residue is solvent exposed as suggested by red
shifted emission maxima centered at 356 nm or 354 nm for
melittin and mel-C, respectively. The additions of LPS into
melittin or mel-C solutions have caused a concentration de-
pendent blue shift in the emission maxima of tryptophan
fluorescence. The extent of blue shift, at saturating concentra-
tions of LPS, is found to be very similar∼341 nm, for the native
melittin and for its C-terminal fragment (Fig. 6B). The marked
blue shift in the emission maxima could be interpreted as
Fig. 6. Outer membrane permeabilization and tryptophan fluorescence experiments. (A). Fluorescence spectra of NPN equilibrated with E. coli cells ( ) and in
presence of (▬▬▬) 14 μMmelittin, (−−−−) 30 μMmelittin, (▬▬) 14μMmel-C and (\\\) 30 μMmel-C respectively. Experimentswere carried out in 10mMTris,
150mMNaCl, pH 7.4 with a NPN concentration of 10 μM. (B) Plot showing changes in emissionwavelength of the intrinsic tryptophan fluorescence of melittin (closed
squares) andmel-C (open squares) in 10 mM sodium phosphate at pH 6.9, as a function of increasing concentrations of LPS (0 to 20 μg/mL) at pH 6.9. (C) Fluorescence
quenching of melittin (closed circles) and mel-C (open circles) by acrylamide in 10 mM sodium phosphate at pH 6.9 containing 20 μg/mL of LPS in complex with
melittin (closed squares) andmel-C (open squares), respectively. Under the same conditions, fluorescence quenching ofmelittin (closed circles) andmel-C (open circles)
have also been shown in their free states. (D) The effect of change in excitation wavelengths on the emission maxima of mel-C in its free (open circles) and LPS bound
forms (open squares) and melittin in its free (closed circles) and LPS bound forms (closed squares) in 10 mM sodium phosphate at pH 6.9.
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environment of LPS. In order to assess solvent exposure of
tryptophan residue, fluorescence quenching studies were carried
out by a neutral quencher, acrylamide, for melittin and mel-C in
their free and LPS bound states. Fig. 6C shows representative
Stern–Volmer plots of acrylamide quenching of tryptophan
fluorescence intensity of melittin and mel-C. A limited quench-
ing of tryptophan fluorescence is apparent by the low values of
Stern–Volmer constants, KSV for melittin 0.84 M
−1 and KSV for
mel-C 0.5M−1, as estimated from the slope of the Stern–Volmer
plots. This indicates that accessibility of tryptophan to soluble
quencher is considerably reduced upon binding to LPS. On the
other hand, both the peptides have experienced a larger
quenching in their free states, KSV for melittin 3 M
−1 and KSV
for mel-C 4.9M−1, indicating an exposure of tryptophan residue
to the aqueous solvent (Fig. 6C).
The dynamics of environment surrounding tryptophan is
further investigated by Red Edge Excitation Shift or REES
[45,46] for melittin and its C-terminal fragment. REES is defined
by a shift in the emission maximum of fluorophore toward
longer wavelengths caused by a shift in the excitation wave-
lengths toward red edge of the absorption. REES arises due toslow rate of solvent relaxation around the excited state of
fluorophore. Stepwise increase in excitation wavelengths, 280 to
315 nm, does not have any appreciable effect on the emission
maxima for melittin or for mel-C in their free states (Fig. 6D),
suggesting a mobile aqueous environment surrounding trypto-
phan residue. By contrast, the LPS bound states of melittin and
mel-C show a significant red shift in their emission maxima
with the increase in the excitation wavelengths (Fig. 6D).
The emission maxima are shifted from 341 nm (excitation at
280 nm) to 355 nm (excitation at 315 nm) for melittin and
340 nm (excitation at 280 nm) to 355 nm (excitation at 315 nm)
for mel-C, which correspond to REES of 14 nm and 15 nm for
melittin and mel-C, respectively. This clearly demonstrates that
in complex with LPS tryptophan residue of melittin and mel-C
are experiencing an environment where water molecules have a
restricted dynamics. This restricted motion of water molecules
around tryptophan fluorophore is considered as a characteristic
of interfacial region of membrane [46]. In other words, REES
studies show that tryptophan residue is located at the interfacial
region of LPS micelles for the native melittin and also for the
mel-C peptide. Collectively, these intrinsic tryptophan fluores-
cence studies demonstrate that like melittin, the C-terminal
3290 A. Bhunia et al. / Biochimica et Biophysica Acta 1768 (2007) 3282–3291fragment or mel-C can interact with LPSmicelles, presumably in
a very similar way.
4. Discussion
Model phospholipid micelles, bilayers or vesicles, mimick-
ing inner cytoplasmic membrane, are often used to determine
conformations, orientations and correlations with activities of
antimicrobial peptides [16–19]. The very first step of the mode
of action of antimicrobial peptides against microorganisms
would be the interactions with the outer membrane constituents.
Structural investigations of antimicrobial peptides in complex
with LPS is, therefore, highly essential to fully understand
mechanism of action of these peptides [17,22,25]. In this paper,
interactions of melittin with LPS have been probed using variety
of methods including ITC, NMR and fluorescence. We have
demonstrated, by Tr-NOE, that the C-terminus of melittin,
residues A15-R24, adopts a helical structure in complex with
LPS. By contrast, the N-terminal region appears to be in an
extended conformation. The formation of partial helical struc-
ture of melittin in context of LPS is further supported by ITC
data. Previous studies have suggested that formation of helical
structures in membrane surface would account for ∼50% of the
total free energy changes occurring due to membrane/peptide
interactions [47,48]. These studies have also estimated a free
energy change of ∼0.4 kcal mol−1 residue−1 for membrane
induced helix formation. Therefore, a ΔG0 value of −8.8 kcal
mol−1 estimated for the lipid A/melittin interactions at pH 7.0
(Table 1) would account for a helical structure made of by
approximately 11 residues. Taken together, helical structure
determined by Tr-NOE for residues A15-R24 at the C-terminus
of melittin in complex with LPS is in complete agreement with
ITC analysis. STD experiments have identified residues of
melittin those are in close proximity with LPSmicelles (Table 2).
Most of the residues showing strong STD effects are found to be
located at the C-terminus half of melittin engaged in the
formation of helical structure. Furthermore, a comparative study
of melittin and its C-terminal fragment, residues L13-Q26, by
NPN uptake and intrinsic tryptophan fluorescence, demonstrates
that the C-terminal of melittin may contain the LPS interacting
region.
As a prototypical membrane active peptide, conformations,
activities and interactions with lipid membranes of melittin have
been extensively studied over number of years [reviewed in 27].
A monomeric helical structure of melittin had been determined
in zwitterionic perdeuterated dodecylphosphocholine (DPC)
micelles and in perdeuterated dipalmitoglycerophosphocholine
(DPPC) vesicles by two-dimensional NMR and Tr-NOE
spectroscopy, respectively [33,34]. Both in the micelle and
vesicle bound forms, melittin had been found to adopt helical
structures at its N- and C-termini with a kink at residues T11 and
G12. A monomeric helical structure of melittin encompassing
both the N- and C- termini had also been observed in an aqueous/
organic solvent mixture [49]. In light of these structural data, the
LPS bound conformation of melittin deduced in this study
clearly demonstrates that striking differences in conformations
are plausible depending on the nature of membranes. In anNMR study of a toxic peptide, pardaxin, analogous to melittin,
from fish, has demonstrated that significant conformational
changes are possible depending on membrane mimetic condi-
tions [50].
The preferential stabilization of a helical conformation at the
C-terminus of melittin in context with LPS may have important
consequences in its ability to cross the outer membrane barrier. It
is likely that the C-terminal helical structure of melittin may act
as an outer-membrane anchoring element that can disrupt the
outer membrane organization facilitating translocation of the
peptide towards the inner membrane. In this regard, the dynamic
nature of the N-terminal region of melittin may render a
favorable interaction with the inner cytosolic membrane. This
conjecture is supported by the structure/activity studies of hybrid
peptides based on cecropin (residues 1–8)–melittin (residues
1–13) [51] and magainin 2 (residues 1–11)–melittin (residues
1–13) sequences [52]. These studies have illustrated that the
N-terminal region of melittin is essential for the disruption of the
cytoplasmic membrane. A recent study using amphipathic
helical peptides (K5L7) has demonstrated that extensive
ordering on the LPS surface significantly reduces the antimi-
crobial activities of these peptides [53]. Taken together, we
surmise that antimicrobial peptides, in general, may assume
partly ordered conformations on the outer membrane surface that
can facilitate their efficient translocation. Work presented in this
paper clearly demonstrates that combination of techniques like
Tr-NOE, STD NMR, ITC and other optical spectroscopic
methods can generate high-resolution structural image of pep-
tides in complex with LPS. Our current works are directed
elucidating structural basis of LPS recognition by prototypical
antimicrobial peptides at atomic resolution.
Acknowledgements
This work is funded by a research grant (SBS/SUG/34/06)
from the School of Biological Sciences, Nanyang Technological
University.
References
[1] H. Nikaido, Prevention of drugs to bacterial targets: permeability barriers
and active efflux, Science 264 (1994) 382–388.
[2] E.T. Rietschel, T. Kirikae, U.F. Schade, A.J. Ulmer, O. Holst, H. Brade, G.
Schmidt, U. Mamat, H.-D. Grimmecke, S. Kusumoto, U. Zahringer, The
chemical structure of bacterial endotoxin in relation to bioactivity,
Immunobiology 187 (1993) 169–190.
[3] S.D. Synder, T.J. McIntosh, The lipopolysaccharide barrier: correlation of
antibiotic susceptibility with antibiotic permeability and fluorescent probe
binding kinetics, Biochemistry 39 (2000) 11777–11787.
[4] S.D. Synder, D. Kim, T.J. McIntosh, Lipopolysaccharide bilayer structure:
effect of chemotype, core mutations, divalent cations, and temperature,
Biochemistry 38 (1999) 10758–10767.
[5] R.E. Hancock, Alterations in outer membrane permeability, Annu. Rev.
Microbiol. 38 (1984) 237–264.
[6] H. Nikaido, M. Varra, Molecular basis of bacterial outer membrane
permeability, Microbiol. Rev. 49 (1985) 1–32.
[7] H. de Cock, K. Brandenburg, A. Weiss, O. Holst, U. Seydel, Non-lamellar
structure and negative charges of lipopolysaccharides required for efficient
folding of outer membrane protein PhoE of Escherichia coli, J. Biol.
Chem. 274 (1999) 5114–5119.
3291A. Bhunia et al. / Biochimica et Biophysica Acta 1768 (2007) 3282–3291[8] P.F. Fink, in: J.L. Berk, J.E. Sampliner (Eds.), Sepsis Syndrome Handbook
of Critical Care, 3rd ed., Little, Brown and Co, Boston, 1990, p. 619.
[9] R.M. Hardaway, A review of septic shock, Am. Surgeon 66 (2000) 22–29.
[10] K.M. Overbye, J.F. Barrett, Antibiotics: where did we go wrong? Drug
Discov. Today 10 (2005) 45–52.
[11] M.G. Scott, R.E. Hancock, Cationic antimicrobial peptides and their multi-
functional role in the immune system, Crit. Rev. Immunol. 20 (2000)
407–431.
[12] M. Zasloff, Antimicrobial peptides of multicellular organisms, Nature 415
(2002) 389–395.
[13] R.E. Hancock, M.G. Scott, The role of antimicrobial peptides in animal
defenses, Proc. Natl. Acad. Sci. U. S. A. 97 (2000) 8856–8861.
[14] A. Buckling, M. Brockhurst, Microbiology: RAMP resistance, Nature 438
(2005) 170–171.
[15] K.A. Brogden, Antimicrobial peptides: pore formers or metabolic
inhibitors in bacteria? Nat. Rev. Microbiol. 3 (2005) 238–250.
[16] U.H. Durr, U.S. Sudheendra, A. Ramamoorthy, LL-37, the only human
member of the cathelicidin family of antimicrobial peptides, Biochim.
Biophys. Acta 1758 (2006) 1408–1425.
[17] K. Matsuzaki, Why and how are peptide–lipid interactions utilized for self-
defense? Magainins and tachyplesins as archetypes, Biochim. Biophys.
Acta 1462 (1999) 1–10.
[18] D.I. Chan, E.J. Prenner, H.J. Vogel, Tryptophan- and arginine-rich
antimicrobial peptides: structures and mechanisms of action, Biochim.
Biophys. Acta 1758 (2006) 1184–1202.
[19] J.P. Powers, A. Tan, A. Ramamoorthy, R.E. Hancock, Solution structure
and interaction of the antimicrobial polyphemusins with lipid membranes,
Biochemistry 44 (2005) 15504–15513.
[20] S. Hsu, E. Breukink, B. Kruijff, R. Kaptein, A. Bonvin, N. van Nuland,
Mapping the targeted membrane pore formation mechanism by solution
NMR: the nisin Z and lipid II interaction in SDS micelles, Biochemistry 41
(2002) 7670–7676.
[21] F. Porcelli, B.A. Buck-Koehntop, S. Thennarasu, A. Ramamoorthy, G.
Veglia, Structures of the dimeric and monomeric variants of magainin
antimicrobial peptides (MSI-78 and MSI-594) in micelles and bi-
layers, determined by NMR spectroscopy, Biochemistry 45 (2006)
5793–5799.
[22] L. Ding, L. Yang, T.M. Weiss, A.. Waring, R.I. Lehrer, H.W. Huang,
Interaction of antimicrobial peptides with lipopolysaccharides, Biochem-
istry 42 (2003) 12251–12259.
[23] K. Matsuzaki, K. Sugishita, K. Miyajima, Interactions of an antimicrobial
peptide, magainin 2, with lipopolysaccharide-containing liposomes as a
model for outer membranes of gram-negative bacteria, FEBS Lett. 449
(1999) 221–224.
[24] Y. Hirakura, S. Kobayashi, K. Matsuzaki, Specific interactions of the
antimicrobial peptide cyclic beta-sheet tachyplesin I with lipopolysacchar-
ides, Biochim. Biophys. Acta 1562 (2002) 32–36.
[25] R.M. Ep, H.J. Vogel, Diversity of antimicrobial peptides and their
mechanisms of action, Biochim. Biophys. Acta 1462 (1999) 11–28.
[26] E. Habermann, Bee and wasp venoms, Science 177 (1972) 314–322.
[27] C.E. Dempsey, The actions of melittin on membranes, Biochim. Biophys.
Acta 1031 (1990) 143–161.
[28] H.W. Huang, Molecular mechanism of antimicrobial peptides: the origin of
cooperativity, Biochim. Biophys. Acta 1758 (2006) 1292–1302.
[29] S.M. Strain, F.W. Fesik, I.M. Armitage, Structure and metal-binding
properties of lipopolysaccharides from heptoseless mutants of Escherichia
coli studied by 13C and 31P nuclear magnetic resonance, J. Biol. Chem.
258 (1983) 13466–13477.
[30] C.R. Raetz, C. Whitfield, Lipopolysaccharide endotoxins, Ann. Rev.
Biochem. 71 (2002) 635–700.
[31] T. Wiseman, S. Williston, J.F. Brandts, L.N. Lin, Rapid measurement of
binding constants and heats of binding using a new titration calorimeter,
Anal. Biochem. 179 (1989) 131–137.
[32] L.R. Brown, J. Lauterwin, K. Wuthrich, High-resolution 1H-NMR studies
of self-aggregation of melittin in aqueous solution, Biochim. Biophys.
Acta 622 (1980) 231–244.
[33] F. Inagaki, I. Shimada, K. Kawaguchi, M. Hirano, I. Terasawa, T. Ikura, N.Go, Structure of melittin bound to perdeuterated dodecylphosphocholine
micelles as studied by two-dimensional NMR and distance geometry
calculations, Biochemistry 28 (1989) 5985–5991.
[34] A. Okada, K. Wakamatsu, T. Miyazawa, T. Higashijima, Vesicle-bound
conformation of melittin: transferred nuclear Overhauser enhancement
analysis in the presence of perdeuterated phosphatidylcholine vesicles,
Biochemistry 33 (1994) 9438–9446.
[35] M. Mayer, B. Meyer, Characterization of ligand binding by saturation
transfer difference NMR spectroscopy, Angew. Chem., Int. Ed. Engl. 38
(1999) 1784–1788.
[36] P. Guntert, C. Mumenthaler, K. Wuthrich, Torsion angle dynamics for
NMR structure calculation with the new program DYANA, J. Mol. Biol.
273 (1997) 283–298.
[37] B. Loh, C. Grant, R.E. Hancock, Use of the fluorescent probe 1-N-
phenylnaphthylamine to study the interactions of aminoglycoside
antibiotics with the outer membrane of Pseudomonas aeruginosa,
Antimicrob. Agents Chemother. 26 (1984) 546–551.
[38] C.B. Post, Exchange-transferred NOE spectroscopy and bound
ligand structure determination, Curr. Opin. Struct. Biol. 13 (2003) 581–588.
[39] F. Ni, Recent developments in transferred NOE methods, Prog. Nucl.
Magn. Reson. Spectrosc. 26 (1994) 517–606.
[40] S. Bhattacharjya, S.A. David, V.I. Mathan, P. Balaram, Polymyxin B
nonapeptide: conformations in water and in the lipopolysaccharide-bound
state determined by two-dimensional NMR and molecular dynamics,
Biopolymers 41 (1997) 251–265.
[41] B. Japelj, P. Pristovsek, A. Majerle, R. Jerela, Structural origin of
endotoxin neutralization and antimicrobial activity of a lactoferrin-based
peptide, J. Biol. Chem. 280 (2005) 16955–16961.
[42] S. Bhattacharjya, P.N. Domadia, A. Bhunia, S. Malladi, S.A. David, High-
resolution solution structure of a designed peptide bound to lipopolysac-
charide: transferred nuclear Overhauser effects, micelle selectivity, and
anti-endotoxic activity, Biochemistry 46 (2007) 5864–5874.
[43] N.C. Santos, A.C. Silva, M.A. Castanho, J. Martins-Silva, C. Saldanha,
Evaluation of lipopolysaccharide aggregation by light scattering spectro-
scopy, ChemBioChem 4 (2003) 96–100.
[44] K. Wuthrich, NMR of proteins and nucleic acids, John Wiley & Sons Inc.,
New York, 1986, p. 292.
[45] A.P. Demchenko, Red-edge-excitation fluorescence spectroscopy of
single-tryptophan proteins, Eur. Biophys. J. 16 (1988) 121–129.
[46] A.K. Ghosh, R. Rukmini, A. Chattopadhyay, Modulation of tryptophan
environment in membrane-bound melittin by negatively charged phos-
pholipids: implications in membrane organization and function, Biochem-
istry 36 (1997) 14291–14305.
[47] T. Wieprecht, O. Apostolov, M. Beyermann, J. Seelig, Thermodynamics of
the alpha-helix-coil transition of amphipathic peptides in a membrane
environment: implications for the peptide–membrane binding equilibrium,
J. Mol. Biol. 294 (1999) 785–794.
[48] A.S. Ladokhin, S.H. White, Folding of amphipathic alpha-helices on
membranes: energetics of helix formation by melittin, J. Mol. Biol. 285
(1999) 1363–1369.
[49] S. Bhattacharjya, J. Venkataraman, A. Kumar, P. Balaram, Fluoroalcohols
as structure modifiers in peptides and proteins: hexafluoroacetone hydrate
stabilizes a helical conformation of melittin at low pH, J. Pept. Res. 54
(1999) 100–111.
[50] F. Porcelli, B. Buck, D.K. Lee, K.J. Hallock, A. Ramamoorthy, G. Veglia,
Structure and orientation of pardaxin determined by NMR experiments in
model membranes, J. Biol. Chem. 44 (2004) 45815–45823.
[51] R.B. Merrifield, P. Juvvadi, D. Andreu, J. Ubach, A. Boman, H.G. Boman,
Retro and retroenantio analogs of cecropin–melittin hybrids, Proc. Natl.
Acad. Sci. U. S. A. 92 (1995) 3449–3453.
[52] A. Ramamoorthy, S. Thennarasu, D.K. Lee, A. Tan, L. Maloy, Solid-state
NMR investigation of the membrane-disrupting mechanism of antimicro-
bial peptides MSI-78 and MSI-594 derived from magainin 2 and melittin,
Biophys. J. 91 (2006) 206–216.
[53] N. Papo, Y. Shai, Amolecularmechanism for lipopolysaccharide protection
of Gram-negative bacteria from antimicrobial peptides, J. Biol. Chem. 280
(2005) 10378–10387.
